The purpose of this study is to investigate the role of filling materials (e.g., quartz sand and kaolin clay) in the interaction between a P-wave and a rock fracture. The specific fracture stiffness reflects the seismic response of a filled fracture, while the wave transmission coefficient describes P-wave transmission across the filled fracture. A series of experimental tests using a split Hopkinson rock bar technique are conducted on artificial rock fractures that are filled with pure quartz sand, sand-clay mixtures with 30%, 50% and 70% clay weight fractions, and a pure clay matrix. The boundary conditions of the filled fracture, i.e., the displacement and stress discontinuities, are used in the method of characteristic lines to calculate the wave transmission coefficient in the time domain. The analytical results agree well with the experimental results. The specific fracture stiffness and the wave transmission coefficient decrease with increasing filling material thickness. When the clay matrix completely fills the void space of the quartz sand, the filled fracture exhibits the largest specific fracture stiffness and promotes P-wave transmission. In general, the wave transmission coefficient is strongly related to the specific fracture stiffness, regardless of the filling material composition or the filling material thickness.
Introduction
When seismic waves propagate through rock masses, rock fractures attenuate the wave amplitude and decrease the wave velocity. Natural fractures are often filled with weak materials, e.g., sand and clay. These filling materials and their mixtures influence the mechanical and physical behaviors of rock fractures, such as strength, porosity and permeability (Crawford et al., 2008) . During seismic wave propagation across a filled fracture, wave attenuation is mainly determined by the dynamic compaction of filling materials and by wave reflection and transmission at fracture interfaces (Wu et al., 2013a,b) . The seismic response of a filled fracture, such as opening and closure, may induce rock mass collapse. The interaction between a P-wave and a filled fracture is thus important to assess seismic energy radiation and rock mass instability.
A previous study (Wu et al., 2013c) investigated the effects of the fracture thickness, the particle size of the filling sand and the loading rate of an incident wave on the dynamic properties of a filled fracture. The fracture properties and the loading conditions affect the dynamic compaction of filling materials. The dynamic compaction also depends on filling material types. For instance, when a P-wave propagates across a filled fracture, the wave transmission coefficient for a clay-filled fracture is smaller than that for a sand-filled fracture . Moreover, a filled fracture often contains the mixture of weak materials. These component materials exhibit different dynamic responses and have different roles in wave transmission. Hence, understanding the dynamic compaction of filling materials and their mixtures is necessary to estimate the seismic response of a filled fracture and the wave transmission across the filled fracture.
This study follows the previous study (Wu et al., 2013c) , utilizing the displacement and stress discontinuity model (DSDM) in the analytical prediction and employing the split Hopkinson rock bar (SHRB) in the experimental work. The purpose of this study is to investigate the role of filling materials in the interaction between a P-wave and a filled fracture. The P-wave transmission and the fracture response are described by the wave transmission coefficient and by the specific fracture stiffness, respectively. The wave transmission coefficient shows the portion of an incident energy that can pass through the filled fracture, and the specific fracture stiffness means dynamic stress change per unit fracture closure. The DSDM calculation is performed based on the method of characteristic lines. The wave transmission coefficient is thus calculated in the time domain to compare with the experimental results from a real-time measurement. A series of SHRB tests are conducted on fractures filled with pure quartz sand, sand-clay mixtures with 30%, 50% and 70% clay weight fractions, and a pure clay matrix. The clay weight percentage is controlled during the preparation of the filling materials. The filling materials are three phase media with mixed solids, water and air. The filled fracture is tested under an air-dry condition.
Analytical model
The method of characteristic lines is commonly used to express the relation between the particle velocity-time response v(x, t) and the stress-time response σ(x, t) during one-dimensional P-wave propagation in the time domain (Bedford and Drumheller, 1994) . In an x − t plane (x is the distance and t is the time), Fig. 1 shows the conjunction points of the characteristic lines for the right-and left-running waves across a filled fracture at a distance x i . Zhao et al. (2006) show that the responses at point a are determined by those at points b, c and d and the responses at time t j + 1 can be derived from those at time t j . In this study, we use the known responses at points b and d (or points c and d) to calculate the particle velocity-time responses at the front (or rear) interface of the filled fracture. The method defines that the quantity zv(x, t) + σ(x, t) is constant along the right-running characteristic line ab with slope 1/c
and the quantity zv(x, t) − σ(x, t) is constant along the left-running characteristic line ac with slope −1/c
where z is the P-wave impedance in the rock material, z = ρc, ρ and c are the rock density and the P-wave velocity in the rock material, respectively, and v − (x i , t j + 1 ) and v + (x i , t j + 1 ) are the particle velocity-time responses at the front and rear interfaces at time t j + 1 , respectively. Similarly, σ − (x i , t j + 1 ) and σ + (x i , t j + 1 ) are the stresstime responses at the front and rear interfaces at time t j + 1 , respectively.
It should be noted that the P-wave in the system consists of a positive wave (a right running-characteristic line), ε p (t), for the compressive strain-time response and a negative wave (a left-running characteristic line), ε n (t), for the tensile strain-time response.
The displacement-time responses at the front and rear interfaces are u − (x, t) and u + (x, t), respectively.
In the DSDM (Zhu et al., 2011) , the stress discontinuity across the filled fracture is
where ω is the wave angular frequency and m n is the initial mass of the filling materials.
The displacement discontinuity is
where k n is the specific fracture stiffness. Eq. (3) can be rewritten as
If the time interval, Δt, is small enough, the derivation of Eq. (4) with respect to t becomes
The stress-time response at the rear interface is
Similarly, Eq. (6) can be expressed based on the stress-time response at the front interface
The stress-time response at the front interface is
Substituting Eq. (7) into Eq. (1), the particle velocity-time response at the front interface is
Substituting Eq. (9) into Eq. (2), the particle velocity-time response at the rear interface is
The positive wave at the front interface of the filled fracture from each SHRB test is first converted into the particle velocity-time response, v I (t). When the boundary conditions v + (x 1 , t) = v I (t) and σ (11), respectively. The predicted wave transmission coefficient is
where ε p− (x i , t) and ε p+ (x i , t) denote the positive waves at the front and rear interfaces, respectively. The particle velocity-time response is equal to the strain-time response multiplied by the P-wave velocity in the rock material, v(x, t) = c ε(x, t).
Experimental study
The experimental study was conducted using an SHRB apparatus, described in detail by Wu et al. (2012) . The schematic view of the SHRB apparatus and the x − t diagram of P-wave propagation in this system can also be found in Wu et al. (2013c) . The bar system has a square cross-section that is 40 mm on each side and includes a pair of 1500 mm long norite bars, namely, the incident bar and the transmitted bar, and a 200 mm long norite striker bar. A loading system, which uses a compressed spring with a stiffness coefficient of 9.52 N/mm as the energy source, launches the striker bar at a low loading rate. A layer of filling materials is filled into a pre-set gap between the incident bar and the transmitted bar to simulate an artificial filled fracture. An aluminum box confines the filling materials to a uniaxial strain state during the test. A rubber disc, 10 mm in diameter and 1 mm in thickness, is used as a pulse shaper and is placed on the front end center of the incident bar to generate a non-dispersive longitudinal wave and to protect the contact ends of the striker bar and the incident bar.
The wave measurement, including signal triggering, data recording and data storage, is based on the LabVIEW platform. Two groups of strain gauges are mounted on each bar and are connected in a Wheatstone full-bridge to average out bending strain and to reduce signal noise. The strain gauge stations are 200 mm and 400 mm away from the fracture interfaces (the rear end of the incident bar and the front end of the transmitted bar). Because the half-wavelength of a generated sinusoidal pulse is 3000 mm, the short lengths of the incident bar and the transmitted bar lead to the superposition of the positive and negative waves. A wave separation method (Zhao and Gary, 1997 ) is used to separate out the signal recorded from the strain gauge groups into the positive and negative waves. The strain-time responses at the fracture interfaces can be separately obtained by time shifting the positive and negative waves from those at the strain gauge stations on each bar. The stress-time response at the rear interface of the filled fracture, σ + (x i , t), and the fracture closure-time response Δu(x i , t), can be obtained
where E is the Young's modulus of the norite, 63.6 GPa, c is the P-wave velocity in the norite, 6000 m/s, l s is the initial thickness of the filling materials, ε n − (x i , t) and ε n+ (x i , t) denote the negative waves at the front and rear interfaces, respectively. A validation test of the bar system needs to be performed by directly contacting the rear end of the incident bar to the front end of the transmitted bar ( Fig. 2(a) inset) . Fig. 2(a) shows that a half-cycle, sinusoidal pulse with a 2 kHz frequency is successfully generated and the same wave amplitudes are recorded by four strain gauge groups during this test. This result indicates limited wave attenuation in the measuring range and dynamic stress equilibrium at the contact ends. Fig. 2(b) shows the stress-time responses of the fracture interfaces during the validation test. Dynamic stress equilibrium can be achieved (the stress-time responses are nearly coincident) during the first loading. Afterwards, the fracture interfaces lose contact, which is not taken into account. This figure also shows the integrity of the incident bar, the transmitted bar and the striker bar.
To prepare the filling materials, quartz sand with a single mineral composition was sieved to restrict the particle size between 1 mm and 2 mm. The particle and bulk densities of the quartz sand are 2620 kg/m 3 and 1520 kg/m 3 , respectively, and the porosity is 41%.
Kaolin clay was crushed and screened through a 0.25 mm sieve. The particle density, the bulk density and the porosity of the kaolin clay are 2630 kg/m 3 , 1631 kg/m 3 and 38%, respectively. Kaolin clay was selected as the clay component because it is commonly found in natural rock discontinuities and is commercially available (Crawford et al., 2008) . There were five groups of filling materials prepared. Each group weighed 250 g, and the clay weight fractions were 0%, 30%, 50%, 70% and 100%. The dry quartz sand directly filled the gap between the incident bar and the transmitted bar. The other groups, with various clay weight fractions (30%, 50%, 70% and 100%), were first tumbled with 50 g pure water and were shaken manually, until the filling materials were visually homogeneous. The bulk densities of the filling materials with 30%, 50% and 70% clay weight fractions were 1555 kg/m 3 , 1575 kg/m 3 and 1598 kg/m 3 , respectively. The filling materials then manually filled the gap without compaction and were maintained at a room condition for approximately 24 h. Fig. 3 shows that the water contents of the filling materials with various clay weight fractions after the maintenance decrease to zero. Hence, the SHRB tests were conducted on the filled fracture under an air-dry condition.
Results and discussion
Fifteen experimental cases were investigated, including five clay weight fractions (0, 30%, 50%, 70% and 100%) and three filling material thicknesses (2 mm, 4 mm and 8 mm). Three tests were performed for each case. A nearly constant loading rate of 40 GPa/s was used for each test and was controlled using the same compressed spring length, 19.78 mm. The loading rate was determined from the gradient of the pre-peak linear portion of the stress-time response at the front interface of a filled fracture.
4.1. The stress-closure relation of a filled fracture Fig. 4(a) shows a typical test result recorded from P-wave propagation across a filled fracture. Test No. 4-2 is taken as an example. The experimental setup is shown in Fig. 4(a) inset. The amplitudes of the recorded waves from the incident and transmitted bars are dissimilar, owing to the differences in the positive and negative waves before and after the filled fracture. The original waves recorded by the strain gauge groups are analyzed to obtain the positive and negative waves that propagate in each bar and to obtain the stress-closure relation of the filled fracture.
The stress-time responses at the front and rear interfaces of the filled fracture are shown in Fig. 4(b) . By comparing these responses to the validation test result (Fig. 2(b) ), dynamic stress non-equilibrium (the stress-time responses are largely different at the rear interface of the filled fracture) is observed during P-wave propagation across the filled fracture. Wu et al. (2013c) revealed that the dynamic stress nonequilibrium across the filled fracture is mainly due to the existence of the filling materials, which delay the arrival time of the stress at the rear interface and consume a considerable amount of the incident energy during the dynamic compaction.
In the stress-closure relation of the filled fracture (Fig. 4(c) ), the stress-time response at the rear interface is used to express the stress-time response of the filled fracture, which represents the portion of the incident energy that can travel through the filled fracture. The specific fracture stiffness is defined as the gradient of the tangent of the pre-peak linear portion of the stress-closure curve. Fig. 5 shows the maximum stress and the corresponding closure from the stress-closure relation for each filled fracture as functions of the clay weight fraction and the filling material thickness. For the 2 mm thick filled fracture, the maximum stress of the fracture filled with the 30% clay weight fraction is larger than that of the fracture filled with the pure quartz sand. The maximum stress then continuously decreases with increasing clay weight fraction. The fracture closure at the maximum stress exhibits a reverse trend. The fracture filled with the 30% clay weight fraction has the smallest closure. For the 4 mm and 8 mm thick filled fractures, the results of the maximum stress and the corresponding closure are similar to those for the 2 mm thick fracture as a function of the clay weight fraction. The maximum stress decreases and the corresponding closure increases with increasing filling material thickness. Fig. 6(a) shows the experimental results of the wave transmission coefficient as a function of the clay weight fraction. The wave transmission coefficient is directly measured from the SHRB test, which is the maximum stress of the transmitted wave over that of the incident wave. The measured wave transmission coefficient is also used to verify the predicted wave transmission coefficient (Table 1) . For the same filling material thickness, the wave transmission coefficient for the fracture filled with the pure quartz sand is less than that for the fracture filled with 30% clay weight fraction. The wave transmission coefficient then decreases continuously with increasing clay weight fraction. The wave transmission coefficient for the filled fracture sharply decreases with increasing filling material thickness.
Wave transmission coefficient and seismic attenuation factor
The energy attenuation across a filled fracture is due to the wave reflection and the dynamic compaction of filling materials and can be described by a seismic attenuation factor, 1/Q. Because this study focuses on the pre-peak linear portion of the stress-closure curve, the wave amplitude max[ε(x i , t)] is proportional to the peak strain energy stored in a certain volume, E P (Aki and Richards, 2002) . Hence, a relation between the seismic attenuation factor and the wave transmission coefficient, T, can be established
where the peak incident energy, E PI , is the sum of the peak reflected energy, E PR , the peak transmitted energy, E PT , and the peak attenuated energy in the filled fracture, E PA . Fig. 6(b) shows that the seismic attenuation factor as a function of the clay weight fraction. The measured wave transmission coefficient is used to calculate this factor. The seismic attenuation factor increases with increasing filling material thickness. The seismic attenuation factor of the fracture filled with the 30% clay weight fraction is smaller than that of the fracture filled with the pure quartz sand. The seismic attenuation factor then continuously increases with increasing clay weight fractions. When the clay weight fraction increases from pure quartz sand (0%) to a pure clay matrix (100%), this factor exhibits a reverse trend compared with the wave transmission coefficient. 
The packing model
According to a simple packing model proposed by Clarke (1979) , the porosity of the sand-clay mixture can be described by the following cases: (a) When the clay volume fraction V c is less than the void space among the sand particles φ s , the porosity of the mixture φ decreases with increasing clay volume fraction V c (Eq. (16)). (b) When the clay volume fraction V c is equal to the void space φ s , the porosity φ reaches a minimum value φ min and is determined by the porosity of the clay matrix φ c that fills the void space φ s (Eq. (17)). (c) When the clay volume fraction V c is greater than the void space φ s , the porosity φ depends on the clay volume fraction V c and on the clay porosity φ c (Eq. (18)).
The packing model of the sand-clay mixture shows that the porosity of the mixture depends on the relation between the clay volume Fig. 7 . The porosity of the sand-clay mixture as a function of clay weight fraction.
fraction and the void space among the sand particles. To build a packing model that is a function of the clay weight fraction ω c , the clay volume fraction is converted into the clay weight fraction using the transforms proposed by Marion et al. (1992) ,
where ρ s is the density of quartz sand, and ρ c is the density of kaolin clay. Fig. 7 plots the porosity of the sand-clay mixture as a function of the clay weight fraction. This figure shows that the porosity reaches a minimum value of 15% at an approximately 30% clay weight fraction. The sand particles sustain the mixture when the clay weight fraction is less than 30%, while the clay matrix supports the mixture when the clay weight fraction is greater than 30%. This result also shows that in the mixture with the 30% clay weight fraction the kaolin clay can completely fill the void space among the sand particles.
Packing mechanism of the sand-clay mixture
For the sand framework support, sand compaction develops from a low stiffness at a small strain due to inter-particle contacts to a high stiffness at a large strain due to packing densification (Cho et al., 2006) . Fig. 8 (a) inset shows that the particle surface is rough to some degree and determines particle contacts. The sieve analysis on sand particles before and after the test shows that most of sand particles keep elastic deformation and a few sand particles (about 2.5% weight fraction) are crushed into fine particles. The sand particles support the dynamic stress in the form of stress chains (Majmudar and Behringer, 2005) . Hence, the stress in this study is too low to cause the contact damage of sand particles.
For the clay matrix support, the kaolin clay contains a weak-bonded and layered particle structure (Mitchell and Soga, 2005) and a void space among non-abrasive and soft particles (Murray, 2007) . The experimental results show that the maximum stress of the pure quartz sand is much larger than that of the pure clay matrix (see Fig. 5(a) ), indicating that the particle contact in the quartz sand is stronger than that in the kaolin clay. The microstructure observations on the pure clay matrix before and after the test show that the contact damage appears after the dynamic stress (Fig. 8(b) ). Fortin et al. (2007) revealed that the clay damage is accompanied by pore collapse and by grain crushing and consumes the incident energy. Hence, a heavy damage is induced in the clay matrix at the low stress level and consumes a considerable amount of the incident energy.
From above discussion, we can find that the sand particles support the mixture with the 30% clay weight fraction and the clay matrix in the void space may also assist wave transmission, and thus this mixture exhibits the smallest seismic attenuation factor. When the clay weight fraction is greater than 30% and the clay matrix supports the mixture, the irregular damage in the clay matrix may induce the fracture response to become scatter (such as the closure at the maximum stress in Fig. 5(b) ).
The interaction between a P-wave and a filled fracture
The interaction between a P-wave and a filled fracture is represented by the specific fracture stiffness and by the wave transmission coefficient. The analytical and experimental results of the interaction between a P-wave and a filled fracture are shown in Table 1 . In the method of characteristic lines, the DSDM is used, in which the incident wave is expressed as the particle velocity-time response and the specific fracture stiffness measured from each test is used to calculate the wave transmission coefficient. The predicted wave transmission coefficient agrees well with the measured wave transmission coefficient for each test. The DSDM describes the boundary conditions of the filled fracture and establishes a relation between the specific fracture stiffness and the wave transmission coefficient in the time domain.
According to Figs. 5(a) and 9, the specific fracture stiffness of the filled fracture exhibits a trend similar to that of the maximum stress as a function of the clay weight fraction. For the same filling material thickness, the specific fracture stiffness of the fracture filled with the pure quartz sand is less than that of the fracture filled with the 30% clay weight fraction. The specific fracture stiffness then decreases continuously with increasing clay weight fraction. The fracture filled with the 30% clay weight fraction has the largest specific fracture stiffness because it has the largest maximum stress, the smallest corresponding closure and the smallest seismic attenuation factor. The specific fracture stiffness of the filled fracture sharply decreases with increasing filling material thickness. The wave transmission coefficient exhibits a trend similar to that of the specific fracture stiffness as functions of the filling material thickness and the clay weight fraction. The larger maximum stress indicates that a higher transmitted wave amplitude, and a smaller corresponding closure mean less filling material compaction. Therefore, the filled fracture with a larger maximum stress and a smaller corresponding closure has a larger wave transmission coefficient. Fig. 9 indicates that the wave transmission coefficient increases with increasing specific fracture stiffness. This increase in the wave transmission coefficient is attributed to increasing normal stress, resulting in larger specific fracture stiffness. It is also observed that the wave transmission coefficient and the specific fracture stiffness have a linear relation, regardless of the filling material composition or the filling material thickness. This observation is similar to that from a previous study on P-wave propagation across a non-filled fracture (Zhao et al., 2008) .
Conclusions
This study investigates the role of filling materials in the interaction between a P-wave and a filled fracture. The stress and displacement discontinuity model describes the boundary conditions of the filled fracture. This model is used to predict the wave transmission coefficient based on the method of characteristic lines, and the predicted results agree well with the experimental results. The filling material composition strongly affects the dynamic compaction, which is also related to the filling material thickness. For the same filling material thickness, the specific fracture stiffness of the fracture filled with the 30% clay weight fraction is larger than that of the fracture filled with the pure quartz sand. The specific fracture stiffness then decreases with increasing clay weight fraction. This result is due to the fact that the filled fracture exhibits the largest maximum stress, the smallest corresponding closure and the smallest seismic attenuation factor when the clay matrix completely fills the void space of the quartz sand. The wave transmission coefficient exhibits a trend similar to that of the specific fracture stiffness. There is a linear relation observed between the wave transmission coefficient and the specific fracture stiffness, regardless of the filling material composition or the filling material thickness.
